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Context: Neurocognitive testing is a recommended compo-
nent in a concussion assessment. Clinicians should be aware of
age and practice effects on these measures to ensure appro-
priate understanding of results.
Objective: To assess age and practice effects on comput-
erized and paper-and-pencil neurocognitive testing batteries in
collegiate and high school athletes.
Design: Cohort study.
Setting: Classroom and laboratory.
Patients or Other Participants: Participants consisted of 20
collegiate student-athletes (age 5 20.00 6 0.79 years) and 20
high school student-athletes (age 5 16.00 6 0.86 years).
Main Outcome Measure(s): Hopkins Verbal Learning Test
scores, Brief Visual-Spatial Memory Test scores, Trail Making
Test B total time, Symbol Digit Modalities Test score, Stroop
Test total score, and 5 composite scores from the Immediate
Post-Concussion Assessment and Cognitive Testing (ImPACT)
served as outcome measures. Mixed-model analyses of
variance were used to examine each measure.
Results: Collegiate student-athletes performed better than
high school student-athletes on ImPACT processing speed
composite score (F1,38 5 5.03, P 5 .031) at all time points. No
other age effects were observed. The Trail Making Test B total
time (F2,66 5 73.432, P , .001), Stroop Test total score (F2,76 5
96.85, P 5 , .001) and ImPACT processing speed composite
score (F2,76 5 5.81, P 5 .005) improved in test sessions 2 and 3
compared with test session 1. Intraclass correlation coefficient
calculations demonstrated values ranging from 0.12 to 0.72.
Conclusions: An athlete’s neurocognitive performance may
vary across sessions. It is important for clinicians to know the
reliability and precision of these tests in order to properly
interpret test scores.
Key Words: concussions, traumatic brain injuries, serial
testing
Key Points
N An athlete’s neurocognitive test performance may vary across serial testing sessions. To properly interpret score
variations, the clinician must know the reliability and precision of these tests.
N With practice effects, the greatest improvement in test scores occurs between the first and second administrations of a
neurocognitive test.
N Baseline measures of processing speed may need to be reassessed as an athlete ages.
C
oncussion is a serious injury that occurs at all levels
of sport and can affect the cognitive, physical, and
behavioral abilities of an athlete.1–8 Therefore, it is
important that these injuries be properly evaluated and
managed. Currently, a comprehensive evaluation is rec-
ommended, in which clinical attributes, symptoms, neuro-
cognitive performance, and balance are assessed.9–11 This
multifaceted clinical model is more than 90% sensitive
in identifying concussion;12 however, when any of these
measures is used in isolation, the sensitivity often drops to
less than 60%.12 One important component of this
evaluation is the neurocognitive assessment. This can be
performed using either traditional paper-and-pencil neuro-
cognitive tests or computerized neurocognitive tests. For
reasons including ease of administration, reduced testing
time, and availability of the tests to sports medicine
clinicians, computerized neurocognitive tests have gained
considerable popularity in sports medicine settings. Despite
their widespread use, the psychometric properties, practice
effects, and age effects of neurocognitive testing are not
well understood in the athletic population.
The vast majority of people participating in contact and
collision sports are under 19 years of age,13 and an earlier
study14 suggested that high school athletes may be more at
risk for concussion than college athletes. Given the number
of athletes participating across many age levels, clinicians
should be mindful of any age effects in the interpretation of
both baseline and postinjury data. Furthermore, high
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school athletes may recover at a slower rate than do
collegiate athletes after a concussion.15
Performance on many neurocognitive tests may be
improved by prior exposure to testing stimuli and
procedures16 in the absence of any actual recovery by the
patient.16 This false improvement is due to 2 factors: the
athlete has already learned the procedures involved in
taking the test, and he or she already knows the specific
content of the tests.17 Improvement in test performance
due to practice effects may cause inflated neurocognitive
test scores, which can mimic neurocognitive recovery, and
may lead to returning an athlete to competition prema-
turely. An example of these practice effects occurs with
processing speed on the Immediate Post-Concussion
Assessment and Cognitive Testing (ImPACT).18 Converse-
ly, lack of improvement with serial assessments on
neurocognitive tests can imply continued concussive
impairment.19
Serial (repeated) testing is often used to track an athlete’s
neurocognitive recovery over time.2,4,19 The consistency of
an individual’s performance on these measures must be
carefully considered in the context of interpreting post-
injury serial neurocognitive testing. Reliability relates to
consistency of measurement on the same task at different
time intervals.20,21 Reliability is a property of tests that can
be established by various statistical methods: test-retest,
alternate forms, or split-half or internal consistency. It is
examined and estimated through the systematic and
ongoing evaluation of different kinds of reliability evi-
dence, applied in different clinical and nonclinical contexts,
to numerous groups. Efforts have been made to address
these psychometric issues in recent studies.19,22,23 One
recent investigation22 suggested that 3 of the most
commonly used computerized tests had only low to
moderate test-retest reliability across test sessions22;
however, the number of days between test sessions
constituted a wide range. In addition, participants in this
study were asked to complete 3 computerized testing
batteries during each of the 3 testing sessions included in
the study, which may not be clinically applicable.
These psychometric factors should not be dismissed.
Rather, they should be viewed as practical and essential
considerations when using cognitive testing to make
concussion management and return-to-play decisions.
Therefore, the purpose of our study was to examine age-
group differences (collegiate versus high school) on
neurocognitive performance in healthy athletes with no
history of concussion in the last 5 years. Two additional
aims were to compare the consistency (reliability) of
responses across all participants and practice effects
between the age groups.
METHODS
Participants
Forty healthy and active volunteers participated in
this study. Participants consisted of 20 National Collegiate
Athletic Association Division I student-athletes (age 5
20.00 6 0.79 years) and 20 student-athletes (age 5 16.00 6
0.86 years) from 2 high schools. Each age group contained
10 males and 10 females. Participants were classified as
healthy if they had no history of diagnosed concussion
within the last 5 years and no known neurologic, psychiatric,
or psychological conditions that would affect cognition.
They were classified as active athletes if they engaged in
athletics 3 or more days per week. Individuals 18 years of
age were excluded in order to maintain a clear separation
between the high school and collegiate groups. Effort level
for each participant’s scores was evaluated by assessing the
ImPACT impulse control composite score: a score greater
than 30 constituted an invalid test. All participants included
in the study met the criteria for valid tests.
Instrumentation
Participants were tested on both a computer-based test
battery and a traditional paper-and-pencil–based test
battery to assess neurocognitive performance during 3 test
sessions. Outcome measures for each test are presented in
Tables 1 and 2. The paper-and-pencil battery was designed
to include tests theoretically measuring cognitive domains
similar to those assessed in the computerized battery.
The computer-based test battery used was the ImPACT
(version 3; ImPACT Applications, Inc, Pittsburgh, PA).
This computerized neurocognitive testing program assesses
a number of cognitive processes, including visual and
verbal memory, attention, working memory, processing
speed, reaction time, impulse control, and response
inhibition. The 6 subtests are Word Memory, Design
Memory, X’s and O’s, Symbol Match, Color Match, and
Three Letters. Five composite scores are provided in the
clinical report: verbal memory, visual memory, processing
speed, reaction time, and impulse control. A self-reported
postconcussion symptom scale (PCSS) is also included in
the ImPACT program. However, we did not analyze
symptom scores as part of this study. Reliability of the
ImPACT composite scores has been demonstrated with
intraclass correlation coefficient (ICC) values ranging from
0.23 to 0.46 for verbal memory, 0.32 to 0.65 for visual
memory, 0.38 to 0.75 for processing speed, 0.39 to 0.68 for
reaction time, and 0.15 to 0.54 for impulse control.22,24
Paper-and-Pencil Battery
Hopkins Verbal Learning Test–Revised (HVLT-R).25
This test is a measure of verbal learning and memory in which
the clinician reads 12 words aloud to the athlete. The athlete
then attempts to immediately free recall as many of the words
as possible in any order. This process is repeated 2 more times
for a total of 3 free-recall trials. The other paper-and-pencil
tests described below are then completed. At the end of the
traditional neurocognitive test battery, the athlete is asked to
complete a delayed trial in which he or she tries to free recall
as many words as possible from the original list. Lastly, a
discrimination trial is completed, in which the clinician reads
24 words aloud to the athlete; 12 are from the original list, for
which a response of yes is expected, and 12 additional words
(6 semantically related false-positives and 6 semantically
unrelated false-positives), for which a response of no is
expected. Three alternate forms were used (A, B, and C) to
reduce learning effects across testing sessions. Reliability for
the HVLT-R is lower than for some of the other measures
included in the study and ranges from 0.36 to 0.49.26
Brief Visuospatial Memory Test–Revised (BVMT-R).27
This test assesses the participant’s visual-spatial memory
with 3 learning trials and a delayed free-recall trial.
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Participants must learn and reproduce 6 abstract designs
arranged in 2 columns and 3 rows. Three alternate forms
were used (1, 2, and 3) to reduce learning effects across
testing sessions. The BVMT-R is moderately to highly
reliable, with values ranging from 0.73 to 0.91.28
Trail Making Test Form B (TMT-B; Trails B).29 This test
assesses the participant’s visual scanning, attention, mental
flexibility, and visual-motor speed. The TMT-B requires the
participant to draw a continuous line connecting circles in
ascending order, alternating between number (1 through 13)
and letter (A through K). The score is the time, in seconds,
required to complete the test. Only 1 form was used for this
test. Because of previous findings regarding sport-related
concussion,2 we omitted the Trail Making Test Form A
(Trails A) from our testing battery and only included TMT-B.
In most previously published traditional neuropsychology
literature, Trails A is completed before Trails B; however,
Trails B is more sensitive than Trails A for cognitive
flexibility,30 brain dysfunction, and sport concussions.2 Other
authors2 have used Trails B exclusively. Reliability of the
TMT-B is moderate to high, ranging from 0.65 to 0.85.31,32
Symbol Digit Modalities Test (SDMT).33 This test
assesses psychomotor speed, visual short-term memory,
attention, and concentration. Participants are asked to fill
in a series of empty boxes underneath symbols with the
corresponding number, using a key on top of the test form
to identify which number goes with each symbol. The score
was calculated as the number of correct responses in
60 seconds (abbreviated from the typical 90 seconds to
shorten overall testing time). Three alternate forms were
used (A, B, and C) to reduce learning effects across test
sessions. Reliability ranges from 0.82 to 0.87.32,34
Stroop Test.35 This test assesses speed of processing
and cognitive flexibility. A participant is given a page with
columns of color names (red, green, and blue), which are
printed in different font colors, and asked to say the name of
the font color in which each word is printed, ignoring the
word that was spelled out. For example, if the printed word
‘‘red’’ appears in blue color font, the answer should be
‘‘blue.’’ The person is given 45 seconds to correctly identify
the font color of as many words as possible. We did not
administer the word reading and color naming subtests.
Only the color-word subtest was given, and only 1 form was
used for this test. Reliability ranges from 0.54 to 0.60.36,37
Procedures
High school participants reported to a classroom at their
respective high schools, and collegiate participants report-
ed to a sports medicine research laboratory. A single
certified athletic trainer, trained in the administration of
neurocognitive testing, administered all tests. No more
than 2 participants were tested at the same time. All
participants reported to their respective testing site for a
total of 3 visits, with at least 24 hours but no more than
72 hours between visits (average time between sessions 1
and 2 5 1.8 6 0.61 days and between sessions 2 and 3 5 1.6
6 0.59 days). Each testing session lasted for approximately
1 hour. All participants completed both the ImPACT
and the traditional battery of 5 paper-and-pencil tests in
counterbalanced order for each test session. The first
participant determined which test battery (computerized or
traditional) to begin by random selection (ie, coin flip). All
of the following participants began with the test battery
that counterbalanced the previous participant and used the
same test battery order for all 3 test sessions.
The rate of testing (how fast the individual completed
the test) was determined by the participant for both
the ImPACT and paper-and-pencil test batteries. Upon
completion of 1 test, the participant confirmed that he or
she was ready to proceed to the next test and continued
until all tests for that battery were completed. Upon
completion of 1 test battery, the participant began the
remaining test battery after a 5-minute rest period. The test
session was concluded once both test batteries were
completed.
Table 2. Main Effects and Interaction Effects for the ImPACT Composite Scores
Test Sample









1 2 3 F2,76 P F1.38 P F2,76 P
Verbal memory High school 89.20 6 7.73 86.65 6 8.44 89.10 6 7.67 88.32 6 7.91 0.37 0.69 0.33 0.569 1.28 0.284
College 90.05 6 6.48 90.30 6 7.35 87.85 6 10.79 89.40 6 8.34
Total 89.63 6 7.05 88.48 6 8.03 88.48 6 9.26
Visual memory High school 78.40 6 9.34 79.95 6 10.45 80.30 6 7.46 79.55 6 9.05 1.63 0.203 0.79 0.378 0.19 0.829
College 79.50 6 10.45 82.95 6 9.73 83.00 6 9.67 81.82 6 10.86
Total 78.95 6 11.20 81.45 6 10.08 81.65 6 8.63
Processing
speed
High school 39.43 6 7.88 43.03 6 7.36 43.58 6 6.45 42.01 6 7.34 5.81 .005c,d 5.03 .031e 2.23 0.114
College 45.81 6 6.03 46.86 6 7.09 46.65 6 6.55 46.44 6 6.48
Total 42.62 6 7.64 44.95 6 7.39 45.11 6 6.60
Reaction time High school 0.55 6 0.06 0.52 6 0.06 0.53 6 0.08 0.53 6 0.07 2.01 0.141 1.21 0.279 0.12 0.889
College 0.52 6 0.06 0.51 6 0.08 0.51 6 0.07 0.51 6 0.07
Total 0.53 6 0.06 0.52 6 0.07 0.52 6 0.08
Impulse control High school 9.20 6 5.40 8.85 6 7.51 8.75 6 4.51 8.93 6 5.84 0.09 0.961 2.53 0.12 0.39 0.678
College 6.20 6 4.31 6.65 6 4.13 7.05 6 5.29 6.63 6 4.54
Total 7.70 6 5.05 7.75 6 6.09 7.90 6 4.92
a F and P values are associated with session means.
b F and P values are associated with high school versus college means.
c Main effect of time: session 2 performance was superior to session 1 performance.
d Main effect of time: session 3 performance was superior to session 1 performance.
e Main effect of group: performance of collegiate athletes was superior to that of high school athletes.
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Data Analysis
One 2 3 3 mixed-model analysis of variance (age 3 time)
was calculated for each of the 14 outcome measures. For
each outcome measure, analysis of variance was conducted
to examine the main effects for group (age) and test time
(practice effects) to determine differences between colle-
giate and high school athletes for the ImPACT and paper-
and-pencil neurocognitive test scores. Interaction effects
were analyzed to examine the joint effects of age and test
time (practice) for each outcome measure.
An ICC [2,1] with standard error of measurement (SEM)
was calculated to determine the consistency of the athletes’
performance across serial neurocognitive tests for each of
the 14 clinically relevant outcome measures. Pearson
bivariate correlations were used to examine correlation of
these measures across time in the combined sample. The
change scores within each group (college and high school)
were compared with the previously published reliable
change indices (RCIs) for the ImPACT composite mea-
sures.19 This comparison was made to the table given in the
article19 that provided established RCIs for each of the
composite measures produced by ImPACT, allowing both
researchers and clinicians to see if the change occurring
across test sessions is a meaningful change.
To analyze the data, we used SPSS (version 16.0; SPSS
Inc, Chicago, IL). Mean scores and standard deviations
were calculated for each outcome measure. An a priori a
level of significance was set at .05 for all analyses. Because
our 9 paper-and-pencil outcome measures may be related,
we adjusted our level of significance to .0056 for all
analyses related to the paper-and-pencil testing battery.
The .05 level was applied for the ImPACT composite score
measures. We calculated that 20 participants per group
would be needed for an effect size of 0.80 and power of
0.80.
RESULTS
Effects of Age and Practice
No significant interaction effects were noted for the
computerized or paper-and-pencil batteries (Tables 1 and
2). No statistical differences were observed for the effect of
age on any of the paper-and-pencil outcome measures. A
main effect of age was observed for ImPACT processing
speed score (F1,38 5 5.03, P 5 .031) whereby college
students performed better than did high school students.
Effect sizes for the main effects and interaction effect
related to each outcome measure are shown in Table 3.
A main effect of test session was seen for TMT-B total
time (F2,66 5 73.43, P , .001), Stroop Test total score (F2,76
5 96.85, P , .001), and ImPACT processing speed
composite score (F2,76 5 5.81, P 5 .005). For each of
these measures, averages for test sessions 2 and 3 were
significantly better than for session 1 (Tables 1 and 2), with
improvement of 22% from sessions 1 and 2 and improve-
ment of more than 30% from session 1 to session 3 for
TMT-B. The ImPACT processing speed scores improved
by more than 5% from session 1 to session 2 and from
session 1 to session 3. Performance on the Stroop Test





Total recalled (immediate) 0.046 0.066 0.001
Discrimination index 0.009 0.016 0.05
Total recalled (delayed) 0.004 0.001 0.019
Discrimination index (delayed) 0.016 0.035 0.006
Brief Visuospatial Memory-Revised
Total recalled (immediate) 0.008 0.078 0.009
Total recalled (delayed) 0.004 0.081 0.018
Trail Making Form B 0.039 0.659 0.14
Symbol Digit Modalities total score 0.006 0.023 0.014
Stroop total score 0.008 0.718 0.001
ImPACT verbal memory 0.033 0.01 0.009
ImPACT visual memory 0.005 0.041 0.02
ImPACT processing speed 0.056 0.133 0.117
ImPACT reaction time 0.003 0.05 0.031
ImPACT impulse control 0.01 0.001 0.062









r12a P12a r23b P23b r13c P13c
Hopkins Verbal Learning-Revised
Total recalled (immediate) 0.56 2.412 0.485 .002 0.681 ,.001 0.561 ,.001
Discrimination index (immediate) 0.57 0.471 0.474 .002 0.61 ,.001 0.649 ,.001
Total recalled (delayed) 0.59 1.498 0.51 .001 0.616 ,.001 0.643 ,.001
Discrimination index (delayed) 0.3 0.97 0.206 .203 0.535 ,.001 0.389 .013
Brief Visuospatial Memory-Revised
Total recalled (immediate) 0.5 2.485 0.361 .022 0.508 .001 0.694 ,.001
Total recalled (delayed) 0.12 0.799 0.354 .025 20.023 .89 0.299 .061
Trail Making Form B
Total time 0.39 11.8 0.668 ,.001 0.755 ,.001 0.719 ,.001
Symbol Digit Modalities Total score 0.72 3.691 0.795 ,.001 0.743 ,.001 0.621 ,.001
Stroop
Total score 0.69 6.659 0.899 ,.001 0.918 ,.001 0.864 ,.001
a Indicates time 1 to time 2.
b Indicates time 2 to time 3.
c Indicates time 1 to time 3.
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improved by 14% from session 1 to session 2 and by 21%
from session 1 and session 3. No differences were seen
between sessions 2 and 3, suggesting that test scores had
stabilized by this point. Effect sizes for all measures are
presented in Table 3.
Reliability and Precision
The ICC values ranged from 0.12 to 0.72. The 3 lowest
values were for BVMT-R total delayed recall (ICC [2,1] 5
0.12), ImPACT verbal memory composite score (ICC [2,1]
5 0.29), and HVLT-R delayed discrimination index (ICC
[2,1] 5 0.30). The 3 highest values were for SDMT total
score (ICC [2,1] 5 0.72), ImPACT processing speed
composite score (ICC [2,1] 5 0.71), and Stroop total score
(ICC [2,1] 5 0.69). Test-retest correlations ranged from low
to high depending on the outcome. Lists of ICCs, SEMs,
and test-retest correlations for all variables are provided in
Tables 4 and 5. Table 6 includes comparisons of our data
with previously published reliable change indices19 and
represents the percentage of athletes within each group
whose performance across test sessions changed reliably.
We included this table to illustrate the percentage of
participants in the sample whose scores changed at
clinically meaningful levels.
DISCUSSION
Overall, our most clinically relevant findings concern the
variability in performance on measures included in both
the computerized and paper-and-pencil testing across
sessions. These findings were most noticeable between test
sessions 1 and 2. These results highlight the need to
understand this variability and to control for as many
factors as possible to produce more stable results across
serial testing sessions.
Age and Practice Effects
One purpose of our study was to determine if age affects
neurocognitive test performance. Of all the tests we used,
age-related differences were found for only ImPACT
processing speed composite scores, with collegiate athletes
performing better than high school athletes across all 3 test
sessions. This result adds support to the finding of Iverson
et al38 that adolescents (ages 13–18 years) displayed age
effects for processing speed. Hunt and Ferrara39 observed
age-related differences among high school students on the
TMT-B and suggested that measures of processing speed
may differ by age group. Presumably these differences
reflect ongoing brain development between adolescence
and early adulthood40,41 and may reflect underlying
neuromaturational processes. These results are consistent
with the changes in cognitive maturity and decline
described in the current literature.40,41
Clinicians should be aware of this difference between age
groups when evaluating an athlete’s performance on
processing-speed measures. Most importantly, these find-
ings suggest that a baseline score (at least on these types of
measures) for a young athlete should be reassessed once he
or she reaches college. Future researchers should continue
to monitor the effects of age and study a larger spectrum of
age groups, including athletes at the high school, college,
and even professional levels.
In addition, practice effects were similar across the
collegiate and high school athletes, with the most drastic
improvements occurring between test sessions 1 and 2.
Overall, both groups displayed improvement on both the
immediate and delayed portions of the TMT-B, Stroop
Test, and ImPACT processing speed composite score.
These results reflect those in similar studies19,23 and indicate
that some orientation to a task may be needed to obtain a
stable baseline measure. However, in a different patient










r12a P12a r23b P23b r13c P13c
Verbal memory 0.29 7.809 0.192 .235 0.273 .088 0.396 .013
Visual memory 0.45 8.27 0.547 ,.001 0.483 .002 0.358 .023
Processing speed 0.71 4.094 0.828 ,.001 0.723 ,.001 0.654 ,.001
Reaction time 0.6 0.051 0.757 ,.001 0.659 ,.001 0.629 ,.001
Impulse control 0.63 3.699 0.618 ,.001 0.646 ,.001 0.641 ,.001
a Indicates time 1 to time 2.
b Indicates time 2 to time 3.
c Indicates time 1 to time 3.



















Verbal memory 8.75 12 (60.0) 9 (45.0) 6 (30.0) 17 (85.0) 9 (45.0) 11 (55.0) 11 (55.0) 15 (85.0)
Visual memory 13.55 2 (10.0) 5 (25.0) 3 (15.0) 7 (35.0) 5 (25.0) 4 (20.0) 4 (20.0) 9 (45.0)
Reaction time 0.06 4 (20.0) 12 (60.0) 8 (40.0) 15 (75.0) 3 (15.0) 6 (30.0) 4 (20.0) 9 (45.0)
Processing speed 4.98 7 (35.0) 8 (40.0) 4 (20.0) 12 (60.0) 7 (35.0) 4 (20.0) 7 (35.0) 7 (35.0)
a Based on Iverson et al.19
b Percentage of athletes within each group who had a reliable change in score across at least 2 test sessions.
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population, previous authors42 suggested that dual baseline
testing (obtaining a second baseline measurement) may be
most useful to obtain a stabilized baseline score on some
measures of cognitive function. In addition, this may indicate
that individuals who have not taken a baseline test in a few
months or years and undergo postinjury tests on 2 days in
close proximity may exhibit practice effects between those
sessions. Also, the lack of a learning effect after multiple
postinjury test sessions may itself indicate deficits,43 although
few investigators have examined this point empirically.
Furthermore, even though the previous literature has
identified practice effects on many measures of neurocogni-
tive function, a variety of factors may cause the variability in
performance. Therefore, practice effects should often be
interpreted with caution.44 Regarding the influence of
practice, the greatest effects were seen on the 2 paper-and-
pencil neurocognitive tests for which there was only a single
form each: TMT-B and Stroop Test. Significantly lower
completion times for Trails B were noted both for the high
school and collegiate groups (Trails B is scored by the amount
of time to task completion; a lower time reflects better
performance) in sessions after the initial test. Improved
performance in correct color-word reading was noted on the
Stroop Test. These results highlight the false improvement
that can occur from an athlete’s repeated exposure to the
same form of test and result in premature return to play.
Among the pencil-and-paper tests with alternate (and
presumably equivalent) forms, observed practice effects
were minimal and statistically nonsignificant. This was
shown especially with the lack of practice effects on the
BVMT-R, HVLT-R, and SDMT. However, although
alternative forms can factor out the content practice effect,
they do not factor out the procedural practice effect from
identical test instructions.17 On the ImPACT, practice
effects on processing speed composite were similar to those
reported by Iverson et al in 2003.19
Reliability and Consistency
In sports medicine, neurocognitive testing is used to
identify cognitive deficits and track an athlete’s improve-
ment over time. Consistency of the athlete’s performance
and stability of the actual measure are difficult to
differentiate. Regardless, performance consistency during
serial neurocognitive testing becomes critical for an accurate
evaluation. The reliabilities across testing sessions within
our sample ranged from low to moderate, indicating a need
for further investigation into the stability and consistency of
these measures over time. In a previous study45 using an
alternate computerized battery, an aggregated score from all
outcomes on the Automated Neuropsychological Assess-
ment Metrics displayed high reliability, but the individual
module scores were similar to those we observed. Two
previous groups22,46 examined the reliability of ImPACT
scores and found similar results; however, these authors
assessed reliability over a longer timeframe.
A few observations may help to explain the range of
reliability measures. The HVLT-R discrimination index
(delayed) and the BVMT-R total recall (delayed) showed
high ceiling effects for absolute scores, with little to no
variability across test sessions. This lack of variability may
have confounded the ICC results. Although no ceiling
effect for scores was seen with TMT-B total time, ImPACT
verbal memory composite score, or ImPACT visual
memory composite score, reliability measures were low.
Another factor that appeared to affect reliability was the
time limit. In our study, tests with a set time limit for
completion resulted in higher ICC values than did tests
with no time limit. The SDMT, Stroop Test, and ImPACT
processing speed composite had set time limits for
completion and had the highest reliability values. This
known endpoint of the test may increase motivation for the
test taker, resulting in a more accurate representation of
the individual’s highest potential from one test to the next.
To further examine stability over time, we compared our
results using the reliable change methods proposed for the
ImPACT19 (Table 5). This method can account for test
psychometric values and an individual’s performance,
which may be useful given the variability in these measures.
The method has been suggested as a useful tool in
understanding what represents clinical change after a
concussive injury.19,47,48 More than 35% of both our high
school and collegiate athletes performed significantly better
or worse across at least 2 sessions on all composite
measures of the ImPACT. This indicates that performance
may differ across testing time points, specifically when
compared with the initial test session, and may reflect
familiarity with the task and learning effects.
Test reliability and precision should be carefully
considered by the clinician conducting serial neurocogni-
tive testing in an athletic population. Based on ICC values
and test-retest correlations, measures such as the HVLT-R
total recalled (immediate and delayed), Stroop Test, and
SDMT total score may be more appropriate for serial
neurocognitive testing than the TMT-B total time,
ImPACT verbal memory composite score, or ImPACT
visual memory composite score. Variability is likely to
occur across any serial neurocognitive tests, but these ICC
and SEM values may give the clinician a better under-
standing of how much variability to expect from one test to
the next. Future researchers should continue to explore the
consistency of athletes’ performance across serial neuro-
cognitive tests. Increased duration of serial neurocognitive
testing may provide a more accurate measure of each
athlete’s performance over time. In addition, alternative
analyses that account for high ceiling effects may be ideal.
Limitations
As with any study, ours is not without limitations. A
small window of time was allowed between test sessions;
often the period of time to the initial postinjury session
from baseline is longer. In addition, we only used a few of
the paper-and-pencil tests available and 1 computerized
test battery, which may limit our findings to these
particular batteries. Lastly, the study had a relatively small
sample size. However, given the effect sizes observed in the
study, the lack of differences observed was most likely not
clinically meaningful.
CONCLUSIONS
Outcomes of this study warrant attention from clinicians
who are tasked with caring for athletes at risk of sport-related
concussion. We demonstrated that athletes’ neurocognitive
test performances may vary across serial testing sessions. It is
important for the clinician to know the reliability and
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precision of these tests in order to properly interpret the
variations in test scores. In some cases, the variability across
serial neurocognitive testing is due to practice effects.
In the presence of a practice effect, the clinician can
expect the greatest improvement in test scores to occur
between the first and second administrations of a
neurocognitive test. The clinician must be able to
differentiate between a learning effect and neurocognitive
recovery so as to make an accurate decision about whether
the concussed athlete has recovered and is ready to return
to competition. In addition, this finding of low to moderate
reliability further illustrates the need for trained neuropsy-
chologists to assist in the interpretation of neurocognitive
testing results because many factors can influence the
variability and accuracy of these scores.
This study also illustrated that for tests of processing
speed, age-related differences exist between high school and
collegiate athletes, with a much higher percentage of high
school athletes showing improvements on reaction time
and processing speed variables across test sessions.
Therefore, at a minimum, baseline measures of processing
speed may need to be reassessed as an athlete ages to
ensure the most accurate representation of proper cognitive
function due to continued brain development, among other
factors. Accurate baseline assessments are important
because depressed baseline levels may lead to faulty
interpretation of postinjury results and possible premature
return to play.
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